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I n  1965 w e  s tand on t h e  t h r e s h o l d  of a new a r e  i n  the 
.. 
r e sea rch  u s e s  of computers. 
Steady improvements i n  c a l c u l a t i n g  speed and memory 
c a p a c i t y  of the computer have f i n a l l y  produced a s u b t l e ,  
q u a l i t a t i v e  change i n  i t s  cha rac t e r .  
before us ,  i n  the  machines coming on the  market i n  1966 
and 1967, of us ing  t h e  computer n o t  a s  an abacus, b u t  a s  a 
l a b o r a t o r y  f o r  t h e  performance of experiments.  T h i s  t r a n s -  
formation i n  the  c h a r a c t e r  of  t h e  computer i s  p a r t i c u l a r l y  
important  i n  the  space sciences. 
W e  have the prospect 
How can a computer be equated w i t h  a l abo ra to ry?  The 
understanding of t h i s  p e c u l i a r  s ta tement  r e q u i r e s  some 
knowledge of the way i n  which the p h y s i c i s t  looks a t  the  
n a t u r a l  world.  
According 'to t h e  research  of the  l a s t  50 yea r s ,  a l l  
. m a t t e r  i s  composed of a f e w  fundamental b u i l d i n g  blocks -- 
the neutron, proton,  and e l ec t ron .  These p a r t i c l e s  a r e  
cemented t o g e t h e r  i n  combinations of va r ious  s i z e s  t o  form 
the  h i e r a r c h y  o f  s t r u c t u r e  i n  the n a t u r a l  world, ranging 
from the atomic nucleus t o  such massive bodies  a s  planckr:, 
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’ s t a r s  and g a l a x i e s .  The o rgan iza t ion  o f  u n i t s  o f  ma t t e r ,  
and t he i r  i n t e r a c t i o n s  wi th  one another ,  a r e  c o n t r o l l e d  
b y  four  b a s i c  f o r c e s  o f  na tu re  -- a s t r o n g  and a weak nuc lea r  
f o r c e ,  t h e  f o r c e  of electromagnetism, and t h e  f o r c e  o f  g r a v i t y .  
Most powerful of  a l l  i s  the  s t r o n g  nuc lea r  fo rce ,  which 
cements neut rons  and pro tons  t o g e t h e r  i n t o  t h e  t i g h t l y  
bound nucleus of  t h e  atom. N e x t  i s  t h e  e lec t romagnet ic  
f o r c e ,  which i s  approximately 100 t i m e s  weaker t h a n  tine 
nuc lea r  fo rce .  Least  powerful i s  t h e  f o r c e  o f  g rav iea t ion ;  
t h i s  f r a i l  agent  keeps t h e  moon i n  o r b i t  around t h e  e a r t h ,  
t h o  oa r th  and the  o thor  planctg revolving around t h e  ~ u n ,  
and t h e  sun and o t h e r  s t a r s  c l u s t e r e d  t o g e t h e r  i n  o u r  
Galaxy. 
A l l  experiments  i n  t h e  n a t u r a l  s c i ences  a r e  designed 
e i t h e r  t o  s tudy  t h e  fundamental b u i l d i n g  b locks  of m a t t e r  
and the b a s i c  ‘ forces  which c o n t r o l  t h e i r  i n t e r a c t i o n s ;  
u s ing  e x i s t i n g  knowledge of t h e  b a s i c  f o r c e s  and p a r t i c l e s ,  
t h e y  a r e  designed t o  i n v e s t i g a t e  l a r g e  numbers o f  these 
o r ,  
p a r t i c l e s ,  whose c o l l e c t i v e  behavior  i s  t o o  complex t o  be 
r e a d i l y  understood i n  terms o f  t h e  i n d i v i d u a l  u n i t s .  
“-Do . 
With t h e s e  circumstances i n  mind, l e t  u s  r e -en te r  t h e  
I n  a l abora to ry  experiment a sample of mat te r  l abora to ry .  
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i s  manipulated t o  observe i t s  response t o  a r t i c i c i a l  d is-  
tu rbances  under c a r e f u l l y  con t ro l l ed  condi t ions .  I f  the  
p h y s i c i s t  i s  motivated by  a desire  t o  l e a r n  more about the 
fundamental b u i l d i n g  blocks of  ma t t e r ,  and the f o r c e s  which 
a c t  between them, he w i l l  choose f o r  t h i s  experiment a very 
simple c o l l e c t i o n  o f  p a r t i c l e s  whose i n d i v i d u a l  responses  
can be observed. During the  l a s t  30 yea r s ,  nuc lea r  f o r c e s  
have been s tud ied  i n  t h i s  way b y  experiments performed w i t h  
high-energy a c c e l e r a t o r s .  
On the other hand, the experimenter may have an 
adequate knowledge of the b a s i c  f o r c e s  and p a r t i c l e s ,  b u t  
be seeking more informat ion  about the behavior  o f  the  
w l i o l e  ensemble of atoms a s  a u n i t .  
seeks  t o  unravel  the t ang led  sequence of chemical r e a c t i o n s  
between l a r g e  groups of atoms, which make up t h e  b u s i n e s s  
of l i f e .  
The biochemist ,  for  i n s t a n c e ,  
. These procedures  have warked exceedingly w e l l  i n  both 
t y p e s  o f  s i t u a t i o n s .  
successes  through the development of such techniques  for  
exper imenta t ion 'under  con t ro l l ed  cond i t ions  i n  t h e  l abora to ty .  
Science h a s  achieved i t s  g r e a t e s t  
But i n  the  space sc ience  program, o p p o r t u n i t i e s  f o r  t h i s  
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kind  of l a b o r a t o r y  experimentat ion a r e  g e n e r a l l y  n o t  ava i l -  
ab l e .  
be an e n t i r e  s t a r o  a p l a n e t ,  o r  t h e  atmosphere of a p l a n e t ,  
i s  t o o  l a r g e  t o  be brought  i n t o  t h e  l a b o r a t o r y  or  t o  be mani- 
pu la ted  a r t i f i c i a l l y  i n  i t s  n a t i v e  s t a t e .  
The o b j e c t  under s tudy i n  space sc i ence ,  w>ich may 
Consider,  f o r  example, t h e  weather.  I n  o r d e r  t o  a r r i v e  
a t  an understanding of the causes  of wea the r ,  w e  must 
experiment w i t h  the a tmoqhere  by adding h e a t  t o  one p a r t  
o f  it under c o n t r o l l e d  condi t ions ,  and observ ing  i t s  response.  
But when it i s  observed t h a t  one o r d i n a r y  h u r r i c a n e  releases 
the energy of  10,000 hydrogen bombs, we see t h a t  it i s  no t  
f e a s i b l e  t o  c a r r y  o u t  such experiments on t h e  weather.  
T h e  new computers coming on t h e  market have, f o r  the 
f irst  t i m e ,  a s u f f i c i e n t  memory c a p a c i t y  so t h a t  w e  can 
store i n  one of t h e s e  machines a r e l a t i v e l y  complete descr ip-  
t i o n  of the atmosphere, inc luding  atmospheric temperature  and 
pressure and ground cond i t ions  a l l  ove r  t h e  globe. 
also store t h e  bas ic  laws of phys ics  whic3 determine the 
response o f  t h e  atmosphere t o  t h e  energy rece ived  from t h e  sun. 
W e  can 
The computer can apply t h e  b a s i c  laws t o  each p a r t  of 
t h e  atmosphere, c a l c u l a t i n g  the new c o n d i t i o n s  which wi; '  
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r e s u l t  from t h e  ex tens ion  of t h e  e x i s t i n g  atmospheric 
motions over a s m a l l  i n t e r v a l  o f  t i m e .  Then, w i t h  t h e  
new cond i t ions  a s  t h e  s t a r t i n g  p i n t ,  t h e  computer program 
again  a p p l i e s  t h e  b a s i c  laws t o  o b t a i n  t h e  atmospheric 
cond i t ions  a f t e r  a second s m a l l  i n t e r v a l  o f  t i m e .  
A m i l l i o n  r e p e t i t i o n s  of t h i s  p rocess  may be necessary  
t o  fol low the development of weather ove r  a long per iod  o f  
t i m e .  The number o f  add i t ions  and s u b s t r a c t i o n s  can amount 
t o  10 t r i l l i o n  s imple s t e p s  f o r  one such study. 
computers now a r r i v i n g  on t h e  market con ta in  both  the memory 
c a p a c i t y  r equ i r ed  to s t o r e  an adequate ly  complete d e s c r i p t i o n  
I o f  the atmosphere, and the speed necessary  t o  complete t h i s  
v a s t  amount of a r i t h m e t i c  i n  a reasonable  t i m e .  
Only t h e  
W i t h  t he  new computers w e  w i l l  move much c l o s e r  t o  o u r  
u l t i m a t e  o b j e c t i v e  -- which i s  t o  vary  the r e g i o n a l  i n p u t  
o f  s o l a r  energy and the cond i t ions  on the ground, by  
feeding d i f f e r e n t  numbers i n t o  the computer, and, thereby ,  
t o  determine, by  machine c a l c u l a t i o n s ,  the e f f e c t  o f  t h e s e  
v a r i a t i o n s  on g l o b a l  weather. 
I n  such c a l c u l a t i o n s ,  t h e  computer i s  used a s  a means  
,,--,C) 
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of c a r r y i n g  o u t  an o therwise  imposs ib le  experiment on the 
behavior  of  t h e  atmosphere. The experiment i s  numerical ,  
and does no t  involve  a c t u a l  molecules of a i r .  Y e t  t h o s e  
mDlecules of a i r  a r e  i n  the computer, nonethe less ,  because 
the computer c o n t a i n s  a complete e l e c t r o n i c  record  o f  t h e s e  
p r o p e r t i e s  s to red  i n  i t s  memory. ' 
Now l e t  u s  t ransform t h i s  machine from an i m i t a t i o n  of 
the e a r t h ' s  atmosphere t o  an i m i t a t i o n  of some o t h e r  body 
which w e  wish t o  study. There is  a g r e a t  d e a l  of i n t e r e s t ,  
f o r  example, i n  t h e  cond i t ions  which ex is t  w i th in  t h e  body 
of  a s t a r  such a s  t h e  sun. We may wish t o  s tudy  t h e  h i s t o r y  
of the sun from the t i m e  of i t s  formation, 4.5 b i l l i o n  y e a r s  
ago, t o  the p resen t .  Such a s tudy  y i e l d s  informat ion  & o u t  
the p h y s i c a l  cond i t ions  which e x i s t e d  i n  t h e  e a r l y  yea r s  of 
the s o l a r  system, when t h e  p l a n e t s  w e r e  formed. 
An abundance o f  obse rva t iona l  evidence i n d i c a t e s  t h a t  
'the sun and;other s t a r s  a r e  born  i n  a n a t u r a l  condensation 
of the gas  and d u s t  which fill space. It i s  thought  t h a t  
p l a n e t s  a r e  formed i n  a similar: manner, a s  sma l l e r  condensa- 
t i o n s  i n  t h e  cloud of p a r t l y  compressed gas  which surrounds 
t h e  s t a r  a t  t h e  t i m e  of i t s  b i r t h .  As t rophys ica l  evidence 
i n d i c a t e s  t h a t  t h e  formation of p l a n e t s  i n  t h i s  way i s  a 
. 
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f r equcn t  accompaniment t o  the b i r t h  of stars, and t h a t  
p l a n e t s  are a commonplace f e a t u r e  of the universe .  
I n  our  own s o l a r  system, it i s  b e l i e v e d  t h a t  l i f e  
developed on t h e  e a r t h  about  t h r e e  and a h a l f  o r  four  b i l l i o n  
yea r s  ago, one b i l l i o n  yea r s  a f t e r  t h e  formation of t h e  
sun and t h e  p l a n e t s .  
It i s  n o t  clear how t h e  t r a n s i t i o n  occurred from a 
soup of inanimate matter made up o f  complex o rgan ic  molecules,  
t o  t h e  myster ious subs t ance  of l i f e .  It is possible ‘cnat 
an  understanding o f  t h i s  mystery may fo reve r  be denied us .  
Nonetheless,  molecular b i o l o g i s t s  are making amazing p rogres s  
toward a mechanis t ic  d e s c r i p t i o n  of t h e  l i v i n g  c e l l  i n  
t e r m s  o f  chemical r e a c t i o n s .  
w i th  t h e  most r e c e n t  advances i n  molecular b io logy  and who 
S c i e n t i s t s  who are. acquain ted  
have followed the developments r e l a t i n g  t o  t h e  evo lu t ion  o f  
t h e  stars and p l a n e t s ,  have a growing impression t h a t  a 
c r e d i b l e  d e s c r i p t i o n  of t h e  o r i g i n  of  l i f e  on t h e  e a r t h  may 
come o u t  of t h e  union of these  two streams of inqu i ry .  
It i s  important  t o  r e a l i z e  t h a t  t h e  e a r l y  p r o p e r t i e s  
o f  t h e  sun ,  and t h e  phys ica l  cond i t ions  which e x i s t e d  on t3e 
e a r t h  i n  i t s  f i r s t  b i l l i o n  y e a r s ,  were almost  c e r t a i n l y  q u i t e  
- 8 -  
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d i f f e r e n t  from those  that  e x i s t  today. These d i f f e r e n c e s  
p l a y  a c r i t i c a l  role i n  our a t tempts  t o  understand t h e  
development o f  phys i ca l  l i f e  on t h i s  p l a n e t .  
it i s  n o t  p o s s i b l e  t o  l e a r n  anything about  t k  e v o l u t i o n  of 
t h e  sun and t h e  p l a n e t s  by d i r e c t  observa t ion  i n  t h e  scale 
of  human l i fe t imes.  Hundreds of m i l l i o n c  or b i l l i o n s  o f  
y e a r s  mus t  e l a p s e  be fo re  apprec i ab le  changes occur i n  t h e  
p r o p e r t i e s  o f  a p l a n e t  o r  a star.  It i s  a l s o  n o t  p o s s i b l e  
t o  apply o u t s i d e  fo rces  t o  the  sun o r  a p l a n e t  and observe 
i t s  response,  i n  an  analogue t o  a c o n t r o l l e d  experiment i n  
t h e  l a b o r a t o r y ,  because t h e  ene rg ie s  r equ i r ed  are,  once a g a i n ,  
beyond human manipulation. 
Unfor tuna te ly ,  
W e  can,  however, perform th i s  l a b o r a t o r y  experiment 
w i t h  a comp.uter, provided we have a good.enough knowledge _- 
of  t h e  basic l a w s  which govern the p r o p e r t i e s  of s tars  
and p l a n e t s .  For t h i s  purpose we can use  t h e  s a m e  computer 
which p rev ious ly  imi t a t ed  t h e  earth’s atmosphere. W e  can 
t ransform a high-speed computer from a n  i m i t a t i o n  of the 
e a r t h ’ s  atmosphere t o  a n  i m i t a t i o n  o f  t h e  sun or  t h e  p l a n e t  
X F R O  
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e a r t h ,  by e r a s i n g  t h e  d e s c r i p t i o n  o f  a i r  molecules which i s  
recorded wi th in  t h e  machine, and feeding i n t o  the computer 
V . 
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a new s e t  of punched cards  which conta ins  a d e s c r i p t i o n  of 
t he  atoms of the  s t a r  o r  a p l ane t  i n s t ead .  
make t h e  computer change i t s  cha rac t e r  from a p l a n e t a r y  
atmosphere t o  a flaming body of gas ,  o r  a cold body of 
rock. When these  changes have been made, the  machine i s  
now ready f o r  s e r v i c e  a s  a device which w i l l  y i e l d  
information on t h e  l i f e  h i s t o r y  of t h e  sun  o r  t h e  e a r t h .  
I n  t h i s  way we 
Knowing the  laws of nuclear  physics  which gene ra t e  t h e  
energy by which the  sun  bu rns ,  and i n s e r t i n g  these l a w s  i n t o  
t h e  machine, we l e a r n  how the sun must  have behaved. 
Knowing the  p r o p e r t i e s  of the m a t e r i a l s  which make u p - t h e  
e a r t h ' s  i n t e r i o r ,  we discover  how the  e a r t h  must have evolved 
s i n c e  it f i r s t  condensed out  of the  p r i m i t i v e  s o l a r  nebula.  
I n  t h i s  way, wi th  the  a i d  of computers, we look backward 
i n t o  the  h i s t o r y  of the  s o l a r  system t o  a t i m e  which preceded I 
t he  ex i s t ence  of l i v i n g  organisms, and l e a r n  something about 
t h e  phys ica l  condi t ions  on the p r i m i t i v e  e a r t h  which may have 
l e d  t o  the  appearance of man on the  face  of t h i s  p l a n e t .  
1 
